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The Binding Mode of Epothilone
A on «,3-Tubulin by
Electron Crystallography

James H. Nettles,? Huilin Li,2 Ben Cornett,® Joseph M. Krahn,*
James P. Snyder,3* Kenneth H. Downing®*

The structure of epothilone A, bound to «,B-tubulin in zinc-stabilized sheets,
was determined by a combination of electron crystallography at 2.89 ang-
strom resolution and nuclear magnetic resonance-based conformational
analysis. The complex explains both the broad-based epothilone structure-
activity relationship and the known mutational resistance profile. Compar-
ison with Taxol shows that the longstanding expectation of a common
pharmacophore is not met, because each ligand exploits the tubulin-binding
pocket in a unique and independent manner.

The extraordinary clinical success achieved
by Taxol (1) and related taxanes in treating a
wide variety of cancers has been accompa-
nied by delivery problems (1), resistance aris-
ing from various cellular factors, including
increased P-glycoprotein expression (2), and
numerous side effects (3). A search for alter-
native drug therapies that also operate by
microtubule stabilization has led to a focus on
a family of 16-membered ring macrocyclic
lactones represented by epothilone A (EpoA,
2) (Scheme 1). Discovered by Hofle and co-
workers from the myxobacterium Sorangium
cellulosum (4), epothilones are more water
soluble than Taxol, appear to largely escape
drug resistance encountered by taxanes, and
cause tumor cell death by stabilizing micro-
tubules and inducing apoptosis (5).

Since the discovery of the epothilones in
1993, an impressive structure-activity rela-
tionship (SAR) profile has emerged from the
efforts of numerous synthetic teams (6).
Epothilones, Taxol, and other microtubule
stabilizers, including the endogenous neuro-
nal tau protein (7), compete for the same
binding pocket on (-tubulin. This has
prompted attempts to describe a common
pharmacophore for the structurally diverse
taxanes and epothilones (8—/1). This exer-
cise, pursued primarily to facilitate the ratio-
nal design of chemotherapeutic agents, is
based on the assumption that superimposable
polar and hydrophobic groups on the individ-
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ual ligands interact with complementary sub-
sites on the protein target.

Combining nuclear magnetic resonance
(NMR) spectroscopy, electron crystallogra-
phy (EC), and molecular modeling (/2), we
derived a structural model of the binding
mode and conformation of EpoA in complex
with the B-tubulin subunit in zinc-stabilized
tubulin sheets (Fig. 1). A similar approach
has led to the identification of T-Taxol: Taxol
bound to B-tubulin in a conformer with ap-
proximately equal distances between the C-2
phenyl and the two C-3’ aromatic substitu-
ents (/3). The complex accommodates the
extensive epothilone SAR data developed for
microtubules composed of wild-type tubulin
(TB) and the more limited resistance data
from mutant tubulins. Importantly, the struc-
ture demonstrates that, whereas EpoA and
Taxol overlap in their occupation of a rather
expansive common binding site on tubulin,
the expectation of a common pharmacophore
is unmet, because each ligand exploits the

binding pocket in a unique and qualitatively
independent manner (Fig. 2).

A variety of epothilone conformations and
binding modes on tubulin have been pro-
posed by pharmacophore mapping (10, 11),
solution NMR (74, 15), and the superposition
of epothilones on Taxol or Taxotere in the EC
tubulin complex (8, 9). All proposals for the
binding mode have assumed that the macro-
cyclic epothilone ring occupies common
space with the baccatin core of Taxol, where-
as the thiazole side chain superposes one of
its three phenyl rings. Thus, He (8) and Gi-
annakakou (9) placed the C-2 benzoyl phe-
nyl, Giannakakou and Wang (9, 10) the C-3’
phenyl, and Ojima (//) located the C-3" ben-
zamido phenyl as coincident with the thiazole
ring. Overlap of the two drugs’ binding
modes determined by EC illustrates that the
thiazole of EpoA benzoyl phenyl resides in a
region of the tubulin pocket unoccupied by
Taxol (Fig. 2). Of the five oxygen-containing
polar groups decorating the epothilone mac-
rocycle, only C7-OH falls near the similar
C7-OH moiety in paclitaxel (Fig. 2), making
this center the only notable common non-
bonded contact for the two molecules. With
one exception (/0), all previous proposals
have directed the C12—-C13 epoxide ring out-
ward from the periphery of the molecule.
This is in marked contrast to the C10-C15
fragment that is folded beneath the macro-
cycle and above the hydrophobic pocket in
the present model (Figs. 1 and 3). As previ-
ously speculated (/0), the lack of protein-
ligand interaction with the epoxide ring is
consistent with the activity of olefin analogs
EpoC and EpoD lacking the oxygen. Com-
plementing the epoxide fold is a near-parallel
orientation of the C-O bonds at C3, C5, and
C7, an alignment ideal for the ligand-tubulin
interaction. This arrangement leads to a very
different set of backbone torsion angles from

Fig. 1. (A) The density map (purple wireframe) resulting from Fourier synthesis of the EC

diffractions (2F.-F

calc)

and associated model (stick figure is colored by atom type: yellow, C; red,

O; blue, N; and green, S) derived from electron crystallographic analysis of epothilone A (1) bound
to zinc-stabilized two-dimensional crystals of tubulin. (B) Hydrophobic (brown) to hydrophilic
(blue) properties are mapped to the solvent-accessible B-tubulin surface at the ligand-binding site.
Epothilone A (white, C; red, O; blue, N; and yellow, S) is shown with hydrogen bonds (yellow
dashes) to associated centers on the B-tubulin protein. Select hydrogens (cyan) are also modeled.
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C1 to C9 for epothilone A in comparison with
either its single crystal x-ray structure or the
transfer nuclear Overhauser effect NMR
structure of EpoA, completed with an un-
polymerized soluble form of the protein (/4).

Six residues lining or adjacent to the ligand-
binding pocket in B-tubulin undergo mutation
under pressure from exposure of various cell
lines to epothilones (Ala?*!, Thr*"4, Arg?®2, and
GIn??) (9, 16, 17) or taxanes (Phe*’® and
Ala3%*) (18). Superposition of the two ligands
along with the corresponding B-tubulin side
chains provides a graphical portrait of the ori-
gins of the observed differential acquired
resistance (fig. S7). For example, Taxol’s C3'-
phenyl and C4-OAc are in van der Waals con-
tact with the Phe*’°. Thus, the drug shows
24-fold less activity in a human ovarian carci-
noma cell line with the Phe?’*—Val?”®
(Phe270Val) mutation. EpoA is located a rela-
tively benign 4 to 5 A from the same residue
and displays only threefold resistance. Taxol
experiences substantially less cross-resistance
to Thr?”* (10-fold) and Arg?®? (sevenfold) mu-
tations, in strong contrast to the cellular re-
sponse to EpoA [40- and 57-fold, respectively)
(8, 16)]. In the present model, wild-type Thr?”#
and Arg?®? are cooperatively engaged in a clus-
ter of hydrogen bonds with the C3, C5, and C7
triad of oxygen atoms in EpoA (Fig. 3). Pertur-
bation of either set of noncovalent interactions
by elimination of an OH (Thr274lle) or elonga-

Fig. 2. Superposition of EpoA A
(blue, C; red, O) and T-Taxol
(gold, C; red, O) in B-tubulin as
determined by electron crystal-
lography. Hydrogen atoms have
been eliminated for clarity. Side
chains terminating in aromatic
rings occupy distinctly different
regions of the binding site. The
single common center (<1.1 A)
between the molecules is C7-
OH (blue arrows). The image in
(A) corresponds to a 90° rota-
tion of the image in (B) about an

tion of the distance between associated centers
(Arg282Gln) dissipates the binding energy be-
tween the drug and the protein. The backbone
NH of Thr?”* is likewise in the vicinity of the
oxetane ring of Taxol, such that residue replace-
ment might be expected to diminish ligand
binding. However, as has been argued previ-
ously (/9), this interaction is likely to be weak
and not as influential in Taxol’s binding. In the
epothilone complex, Arg?®? is within confor-
mational reach of C7-OH (Figs. 1 and 3). This
differs from the tubulin-Taxol complex (13,
20), in which a variation in M-loop conforma-
tion directs Arg?3? into solvent, but is compat-
ible with the mutation-induced resistance. An
acquired mutation reported independently by
two groups in lung and leukemia cancer cell
lines is the GIn292Glu mutation (70- to 90-fold
for EpoA and EpoB) (16, 17). The residue lies
on the opposite side of the M-loop from
EpoA and makes a hydrogen bond to the
backbone NH of Leu?’® adjacent to Thr?74
(Fig. 3). Interchange of GIn for Glu most
likely alters the M-loop conformation, dis-
rupts the network of M-loop hydrogen
bonds from Arg?’® to Arg?®?, and thereby
prevents epothilone binding. Finally, the
present model also explains the Epo-
resistant Ala231Thr mutation. Ala®?' is
within hydrogen bonding contact of His??7,
which anchors epothilone in the binding
pocket. As has been implied previously (76,

axis approximately parallel to the blue side chain of EpoA. The alignment shown here without
tubulin is identical to those structures shown in Figs. 1 and 3 and figs. S1 to S7.

Fig. 3. Hydrogen bonding (violet)
around EpoA in B-TB. Oxygens
from C1 to C7 engage in network
H bonds with M-loop residues.
The thiazole is anchored by
His?27. Disruption of primary or
secondary  hydrogen  bonds
would occur upon mutation of
Ala?31, Thré74, Arg?82, or Gln?°?
to other residues as observed in
epothilone-resistant cells. Pro-
tein secondary structure for he-
lices is shown in red, sheets in
blue, and loops in yellow. The
protein side chains are colored
by atom type: white, C; red, O;
and blue, N. The EpoA ligand is
colored by atom type: orange, C;
red, O; blue, N; and yellow, S.

www.sciencemag.org

SCIENCE VOL 305 6 AUGUST 2004

REPORTS

17), the introduction of the polar threonine
is predicted to perturb the His anchor and
compromise ligand binding.

Our binding model for EpoA accommo-
dates a range of epothilone structure-activity
data (6, 21). We show this with the use of six
diverse bioactive modifications.

First, alkyl chain extension at C12 from
methyl (EpoB) to hexyl does not eliminate in
vitro activity, although in general methyl ap-
pears optimal for biological activity (22, 23).
The observation also applies to the desoxy
epothilone series in which large groups such
as CH,OC(O)Ph continue to show consider-
able tubulin polymerizing capacity. The fold-
ed orientation of the epoxide (Fig. 1B) directs
the C12 substituent into the underlying hy-
drophobic basin, which readily accepts long
and bulky hydrophobic groups. The same
observation applies to the epothilone cyclo-
propanes (24) and cyclobutanes (25) that ex-
hibit high activity (fig. S8).

Second, a more subtle effect is shown by
the recently reported epimers of 14-methyl-
epothilones B and D (75, 22). The R and S
configurations, respectively, exhibit antipro-
liferative activity against several cell lines
that are slightly lower than the parent com-
pounds (epothilones B and D). In contrast,
the corresponding S and R configurations are
completely inactive. In the bound EC confor-
mation, the active pair directs the methyl
group outside the ring into a region unoccu-
pied by protein (Fig. 4). For the inactive pair in
the same conformer, the S/R methyl points
inward and experiences a severe steric clash
with the CH,, at C10. The associated 1.8 to 2.2
A H-H distances prevent the molecule from
adopting the bound form. For similar reasons,
(S)-C10-methyl epothilone C is unable to adopt
the bound conformer in accord with its lack of
cytotoxicity (/5). The model depicted in Fig. 4
predicts that the (R)-enantiomer is active.

Third, the OH at C3 [(3S)-configuration]
was replaced with a cyano group in EpoB
without substantially altering either the
microtubule-stabilizing effect or cell cytotox-
icity. Although the OH hydrogen bond to
Thr?"* is lost, the extension of the C3 sub-
stituent by an additional 1.2 A brings it with-
in favorable H-bonding contact with the
backbone NH of Arg?’¢ (Figs. 3 and 4). The
tradeoff accounts for the near equipotency
with EpoB. By contrast, the unnatural cyano
epimer [(3R)-configuration] is 86 times less
active in the tubulin polymerization assay
(26). The inverted cyano group experiences
no undue intra- or intermolecular steric repul-
sion in the EC model, and it likewise makes
no productive contacts. C3-OH inversion
would seriously perturb the hydrogen-
bonding network shown in Fig. 3.

Fourth, the EC model accommodates ac-
tive unsaturated Epo analogs. Already men-
tioned are the cis-EpoC and -EpoD com-
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pounds. Conformational analysis for the cor-
responding trans-analog and docking into the
binding site depicted in Fig. 1B assures that
this isomer can participate in all key ligand-
receptor interactions without steric conges-
tion. Recent synthesis of second-generation
epothilones targeted (E)-9,10-dehydro-12,13-
desoxy-EpoB, a compound four times as
active as desoxy-EpoB against several cell
lines (27). The planar and trans C9-C10
center is naturally incorporated by the cor-
responding trans disposition of the saturat-
ed carbons in Figs. 1B and 4. The analog in
which the C12 methyl is replaced by the
relatively bulky CF, is likewise as active as
desoxy-EpoB. The folded epoxide directs
this group comfortably into the occluded
hydrophobic space. Finally, a slight confor-
mational reorganization in the (E)-10,11-
dehydro analog is compatible with both our
binding model and the twofold reduction in
activity relative to EpoA (28).

Fifth, a number of thiazole replacements
have been shown to retain or improve epothi-
lone activity. Specifically, Nicolaou and col-
leagues found that pyridines in which the nitro-
gen is ortho to the side chain connector are 10

to 100 times more effective in cells than meta
and para placement of the heteroatom (25, 29).
Figs. 1 and 3 illustrate the origin of the effect to
lie in hydrogen bonding of this group to His**”.
Other nitrogen placements are unable to anchor
the side chain as illustrated. A particularly
interesting set of analogs are Altman’s benzo-
heterocyles, which result from fusion of the
methyl at C16 to the terminal heterocycle (Fig.
4) (30). To maintain the H bond to His??” in this
set of analogs, the side chain of bound epothi-
lone must position the C16 methyl and the C19
ring carbon in a syn orientation, and the nitro-
gen of the EpoB ring anti to the same methyl.
The models depicted in Figs. 1 and 3 meet these
requirements perfectly. A confirming experi-
ment is the inactivity of a pyridine in which
both nitrogen and a methyl substituent are ortho
to the side chain connector. Maintenance of the
H bond to His**” would involve a severe steric
clash between the pyridine methyl and that at
C16. Obviously, the compound cannot adopt
the proposed active conformation, consistent
with its virtual inactivity against all cell lines
(29). A particularly productive variation leading
to an EpoB analog more active than the parent
is replacement of the thiazole methyl at C21

Scheme 1.
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Fig. 4. An energy-optimized composite model of a fictionalized epothilone showing diverse features
of the SARs in the context of the EC-derived model for TB and epothilone A. This single ligand
structure docked into B-tubulin incorporates functional group modifications from five different
analog studies that individually produced the same or better potency than epothilone A, including
effects caused by changes of functionality at C3 (CN), C9-C10 (C=C), C12-C13 (N-Bz-aziridine),
C14 ((S)-Me), and 21 (SMe). (A) The experimental conformation and binding mode of 1 in Figs. 1
to 3 used as a modeling template to illustrate geometric compatibility (C9=C10, C14-Me),
hydrogen bonds (C3-CN), and hydrophobic complementarity (aziridine phenyl, S21-Me) for the five
derivatives. Colors on the translucent protein surface range from brown (hydrophobic) to blue
(hydrophylic). The ligand is colored by atom type: white, C; red, O; blue, N; and yellow, S. (B)
Topological representation of the composite model; red corresponds to the five centers of

substitution relative to epothilone A.

with thiomethyl (SMe). In the present model, the
SMe fits snugly into a small, shallow pocket
unsuitable for larger substituents (Fig. 4). Accord-
ingly, increased bulk diminishes activity (30).

Sixth, a series of active epoxide replace-
ments in the form of aziridines has been
prepared (37). For example, the bulky
NCOOC H; and NCOC H; analogs show a
tubulin polymerization and antiproliferative
activity profile virtually identical to that of
EpoB. The terminal phenyl rings are unlike-
ly to be directed toward the surface of the
protein exposed to water. Once again, the
folded epoxide accommodates the observa-
tions by steering the N-substituent beneath
the macrocyclic ring into the hydrophobic
taxoid pocket (Fig. 4).

The SAR data described for the extended
C12 substituents, epothilone cyclopropanes,
and the aziridines suggests that the epothilone
16-membered ring and part of the side chain
resides over a spacious but unfilled hydro-
phobic pocket on tubulin. Indeed, the present
EpoA/tubulin model includes a generous cav-
ity between the epothilone structure and the
floor of the hydrophobic pocket surrounding
Phe?7°. The cavity is likely filled with water
molecules that are either displaced or reorga-
nized upon binding by a substituted epothi-
lone but are unobservable at ~3 A resolution.

In the EC model, EpoA that is bound to
tubulin is anchored at two extremes by
hydrogen bonds. C1=0, C3-OH, C5=0,
and C7-OH on one flank of the molecule
participate in a network of short contacts
with Thr?74, Arg?7®, and Arg282, residues
on the M-loop, and nitrogen in the 10.5 A
distal thiazole ring serves as a proton ac-
ceptor for His*?*7 (Fig. 3). The remaining
ligand-protein contacts are primarily hy-
drophobic, providing a tight surface-to-
surface interaction from C3 to C11 (Fig.
1B). The Taxol-TB contacts are fundamen-
tally different (fig. S6). The two phenyl
C13 side chain termini and the C2' OH
group associate with TB centers distant
from epothilone (i.e., Ser?34/Pro338, Val?!,
and Gly?%8, respectively), whereas the C2
and C3' phenyl groups sandwich His??” in
a three-ring stack (/3), neither set of con-
tacts is observed for epothilone. The ether
oxygen of Taxol’s oxetane ring interacts
weakly with Thr?’# at one end of the M-
loop, whereas an indirect hydrophobic
chain to the other end operates by means of
the C18 methyl. As mentioned above, the
only notable common nonbonded contact
for the two ligands appears to occur
through C7-OH in each molecule. For T-
Taxol, this affords a long and weak polar
interaction with the C-OH of Thr?>7#; for
EpoA, it allows classic H bonds to Thr?7#
and Arg?®*. Although M-loop arginines 278
and 282 in Taxol-TB are directed toward
solvent (13), both have shifted by 6 to 8 A in

6 AUGUST 2004 VOL 305 SCIENCE www.sciencemag.org



the Epo-TB complex so as to engage epothi-
lone (Fig. 3). A similar arginine displacement
(4 A) has been observed in the binding of two
epothilones to cytochrome P450-EpoK (32).
The double arginine relocation reflects a sub-
tle reorganization of M-loop residues not pre-
viously seen with taxanes, but both epothi-
lone and Taxol bridge the M-loop and helix
H7 adjacent to the nucleotide-binding site
and thereby promote tubulin polymerization
and microtubule stability.

Instead of a common pharmacophore (§—
11), tubulin displays a promiscuous binding
pocket with the bound molecules exploiting
contacts with an optimal subset of binding
pocket residues. Although this provides a
unique challenge for “rational” ligand design,
it can be anticipated that the promiscuity
principle will apply to the binding of other
ligands that occupy the taxane site on TB,
namely, discodermolide, eleutherobin, and
the sarcodictyins (33).
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Multiple Rare Alleles Contribute
to Low Plasma Levels of
HDL Cholesterol

Jonathan C. Cohen,'23*} Robert S. Kiss,**
Alexander Pertsemlidis,” Yves L. Marcel,>i Ruth McPherson,®
Helen H. Hobbs'3#

Heritable variation in complex traits is generally considered to be conferred by
common DNA sequence polymorphisms. We tested whether rare DNA se-
quence variants collectively contribute to variation in plasma levels of high-
density lipoprotein cholesterol (HDL-C). We sequenced three candidate genes
(ABCAT, APOAT, and LCAT) that cause Mendelian forms of low HDL-C levels in
individuals from a population-based study. Nonsynonymous sequence variants
were significantly more common (16% versus 2%) in individuals with low
HDL-C (<fifth percentile) than in those with high HDL-C (>95th percentile).
Similar findings were obtained in an independent population, and biochemical
studies indicated that most sequence variants in the low HDL-C group were
functionally important. Thus, rare alleles with major phenotypic effects con-
tribute significantly to low plasma HDL-C levels in the general population.

Many clinically important quantitative traits
are highly heritable, but progress in the elu-
cidation of their genetic architecture has been
limited. Because quantitative traits do not
segregate in Mendelian fashion in most fam-
ilies, their distribution in the population is
presumed to reflect the cumulative contribu-
tion of multiple common DNA sequence
variants that each has a small effect (/).
Sequence variants with strong phenotypic
effects may also contribute to variation in
complex traits (2). Although these variants
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are likely to be rare individually, they may be
sufficiently common in aggregate to contrib-
ute to variation in common traits in the pop-
ulation. Whereas most Mendelian disorders
are caused by a spectrum of different muta-
tions in a gene (or genes) (3), the contribution
of rare alleles to more common, quantitative
traits has not been systematically evaluated.

In this study, we evaluated the hypothesis
that rare sequence variations contribute sig-
nificantly to low plasma levels of high-
density lipoprotein cholesterol (HDL-C), a
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major risk factor for coronary atherosclerosis.
If this hypothesis is correct, then mutations
that impair HDL production or enhance HDL
catabolism should be significantly more com-
mon among individuals with low plasma lev-
els of HDL-C than among those with high
plasma levels of HDL-C. Furthermore, se-
quence variants with major phenotypic ef-
fects are likely to be found exclusively at one
extreme or the other, whereas alleles found in
both the high HDL-C and the low HDL-C
groups are likely to be neutral with respect to
plasma HDL-C levels. The prevalence of mu-
tations with major effects on plasma HDL-C
levels is not known. Molecular defects caus-
ing rare genetic forms of HDL deficiency
have been identified in the genes encoding
apolipoprotein Al (APOAI), the major pro-
tein component of HDL (4); the adenosine
triphosphate binding cassette (ABC) trans-
porter Al (ABCAI), required for the efflux of
cholesterol from cells to HDL particles (95);
and lecithin cholesterol acyltransferase (LCAT),
the enzyme that catalyzes the formation of
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